AB~I'FIACT Gonadal steroid hormones influence an animal's sexual behavior through two primary means. During development they affect differentiation of the brain (primarily in males), and after puberty, circulating concentrations of steroids influence expression of sexual behaviors. In mammals, sexual behaviors of females are regarded as inherent (independent of steroids secreted by the developing ovary). Males, on the other hand, must undergo active differentiation that is brought about by actions of testicular steroids on the brain during discrete sensitive periods of early development. Sexual differentiation in mammals is referred to as processes of defeminization and masculinization. Defeminization is loss of behavioral traits inherent to females and occurs prenatally in sheep but postnatally in swine. Comparative data axe lacking for cattle, but preliminary evidence indicates prenatal defeminization of sexual behaviors. Masculinization is acquisition of behavioral traits characteristic of males. Adult females of all three species show mounting behavior after prolonged treatment with testosterone, and in cattle and swine, there is, as yet, no strong evidence that males undergo masculinization of sexual behaviors. In sheep, limited observations are suggestive of two sensitive periods for masculinization; one prenatally and one postnatally. The earlier concept that differentiation of sexual behaviors in mammals occurs prenatally in species with a long gestation and postnataUy in species with a short gestation must now be modified in view of recent findings in swine, in which defeminization occurs postnatally. Further studies will likely identify additional species differences with respect to differentiation of sexual behaviors.
Introduction
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Received May 16, 1988 . Accepted December 3, 1988 actions of gonadal steroids, namely, their organizational and activational effects. Sexual differentiation of behavior results from organizational (or morphogenic) action of androgens and(or) estrogens within the brain at discrete sensitive periods of development (Feder, 1981; Clarke, 1982; GorsE, 1985) . These early effects of gonadal steroids are irreversible, in contrast with the reversible activational actions that steroids have in stimulation of sexual behavior after puberty, Evolution of these concept s of sexual differentiation of behavior progressed rapidly after the classical study of Phoenix et al. (1959) in which female guinea pigs were exposed to testosterone throughout embryonic and fetal development. When these females were ovariectomized and treated postpubertaUy with progesterone and estrogen, they showed reduced female sexual behavior, but after treatment with testosterone, mounting activity was greater than for control females. Subsequent research on sexual behavior in a variety of species demonstrated that the functional capacity of the mammalian brain is inherently female, or at least undifferentiated. Females consequently became regarded as the "neutral" sex, and sexual differentiation was considered to involve actions of gonadal steroids exclusively in males at sensitive periods during development. More recently, D6hler et al. (1984) presented evidence that indicates that female rats must be exposed to estrogens early in life to fully develop ovulatory processes and female sexual behavior. Investigations with mice and rats revealed that endogenous gonadal steroids during prenatal development influence sexual behaviors observed in adult females (vom Saal, 1989) . Further studies are required to clarify whether endogenous gonadal steroids during early development modify sexual behaviors of adult females in other species.
Differentiation of behavioral traits in males results from secretion of testicular androgens, which are transported to the brain and aromatized to estrogens (Naftolin and MacLusky, 1984) . It is unknown whether estrogens in the male brain cause differentiation of all processes or whether some processes of differentiation occur in direct response to androgens. Because differentiation of individual traits can occur independently of one another, two broad categories have been used to conceptualize such differences. Suppression of sexual behaviors that are characteristic of females is termed defeminization, whereas acquisition of male characteristics is called masculinization. Such labels likely are an oversimplification of the mechanisms of sexual differentiation, but they serve to remind us that the process is a complex series of events rather than a single occurrence during an animal's development. A change in sexual behavior that is the consequence of differentiation is not absolute abolition or acquisition of a specific behavior; rather, differentiation alters the sensitivity of a given behavior to activation by a specific steroid. Originally, it was proposed that a single discrete period of exposure to steroid hormone was required for sexual differentiation of a specific process, but evidence is accumulating that defeminization and masculinization of sexual behaviors are the culmination of consecutive periods of exposure to testicular steroids (Tobet and Baum, 1987; Hoepfner and Ward, 1988) .
The present article is an overview of current understanding of differentiation of sexual behaviors in cattle, sheep and swine. Males of these species differ substantially in regard to specific testicular steroids that are secreted throughout development, secretory profiles of these steroids, and timing of defeminization of sexual behaviors. Observations in rams agree, after differences in length of gestation are taken into account, with what was predicted from studies with rodents. In bulls, circulating concentrations of androstenedione are greater than those of testosterone during differentiation of the genitalia and during early postnatal development. Boars are unique in that they have three periods of elevated testosterone secretion, as opposed to only two in rams and bulls, and defeminization occurs postnatally in association with the early phase of pubertal development. Limitations and voids in observations that have been reported to date for cattle, sheep and swine also are noted.
Cattle
The freemartin condition in cattle provided germinal observations from which the hormonal theory of sexual differentiation in mammals arose (D'Occhio and Ford, 1988) . Testicular organogenesis in cattle is almost complete by d 45 of gestation, at which time testicular steroidogenic activity also is apparent (Shemesh et al., 1978) . Masculinization of the sex organs in male fetuses commences after d 45 and proceeds rapidly up to d 70 (Jost et al., 1977) . This phenotypic differentiation probably occurs under the influence of testicular androgens, because female fetuses exposed to exogenous testosterone from d 40 to 60 of gestation show varying degrees of masculinization of their internal and external genitalia (Putney et al., 1984a; Hamernik et al., 1987) . Female fetuses are able to respond to testosterone because, by an interesting quirk of nature, androgen receptors are coded by a gene on the x-chromosome (Lyon, 1970 (Lyon, , 1974 .
The first sensitive phase for sexual differentiation of the brain in cattle appears to occur after d 60 of gestation. Heifers exposed to exogenous testosterone in utero from d 40 to 60 show normal onset of puberty (Pumey et al., 1984b) , have normal ovarian cycles (Putney et al., 1984b), and exhibit a classical preovulatory LH surge in response to estradiol injection (Hamernik et al., 1987) . Assuming that bovine fetal brains first become sensitive to differentiating actions of gonadal steroids some time after d 60 of gestation, testosterone therapies cited above should be applied later (d 80 to 110?) if the objectives are to defeminize and(or) masculinize secretory patterns of hormones that are under the influence of neuropeptides.
In male bovine fetuses, circulating concentrations of androstenedione were greater than those of testosterone until about d 100 of gestation, after which androstenedione declined and remained stable until birth (Challis et al., 1974) . The period of elevated androstenedione therefore overlaps the phase when we have suggested that the bovine brain is sensitive to steroids (d 80 to 110?) and raises the interesting possibility that, in cattle, androstenedione may play an important role in masculinization (or defeminization) of the brain. In this regard, androstenedione has been implicated in sexual differentiation in rodents (Whalen et al., 1985) and the spotted hyena (Glickman et al., 1987) . Androstenedione also is the major precursor for estradiol, and estrogens masculinize the mammalian brain (Feder, 1981; D'Occhio, 1983) . A further possibility, therefore, is that in the male bovine fetus, circulating androstenedione may act as a prohorrnone for estradiol in a similar way that testosterone is a prohormone for androgenic and estrogenic metabolites. Perhaps it is not insignificant that both androstenedione and testosterone concen~ations in bovine fetuses were greater in males than in females at d 80 to 90 of gestation (Challis et al., 1974) , and testosterone remained elevated in males through d 240. An almost complete absence of estradiol biosynthesis occurred in bovine fetal ovaries at d 70 to 85 of gestation (Shemesh et al., 1978) . This decline in steroidogenic activity of the ovaries around d 70 could represent an evolutionary safeguard against exposure of the brain in female fetuses to gonadal steroids during the sensitive phase for sexual differentiation. To date, however, data on estrogen concentrations in bovine fetuses are sparse. Challis et al. (1974) reported that serum estrogen concentrations were greater in female than in male bovine fetuses, and Robertson and King (1979) observed a rapid increase in estrogen sulfates in amniotic fluid of male and female fetuses from d 50 to 140 of gestation.
Because placental tissues likely contribute greater quantities of estrogen to the fetal circulation than do fetal ovaries, the role of ovarian estrogen in fetal development remains poorly defined.
Circulating concentrations of androstenedione also are greater than those of testosterone from 2 to 4 mo of postnatal age in bulls (Rawlings et al., 1972; Abdel Malak-Bedair and Thibier, 1979) . There is as yet no evidence for the occurrence of a postnatal sensitive phase for sexual differentiation (or sexual consolidation) of the brain in bull calves similar to that proposed for rats (Gotz and Dorner, 1976) , marmoset monkeys (Abbott and Hearn, 1979) , boars (Ford, 1982) and rams (Mattner et al., 1976 (Mattner et al., , 1979 . However, it is perhaps more than mere coincidence that androstenedione is predominant in bulls during two phases when the brain in this species may be sensitive to the masculinizing (or defeminizing) actions of gonadal steroids.
Evidence for prenatal differentiation of sexual behaviors in cattle is provided by observation that bulls castrated shortly after birth do not show receptivity after estrogen treatment at 14 mo of age, as occurs with ovariectomized females (Berardinelli and Adair, 1987) . Bulls castrated shortly after birth do, however, show masculine sexual behavior following androgen or estrogen therapy as adults (Sawyer and Fulkerson, 1980/1981; Dykeman et al., 1982) . Furthermore, female cattle show mounting activity during estrus, and this behavior can be induced in normal heifers and cows with gonadal steroids. Females receiving chronic androgen or estrogen therapy initially show receptive behavior associated with estrus, but this gradually gives way to an increased occurrence of sexual behavior characteristic of bulls (Kiser et al., 1977; Sawyer and Fulkerson, 1980/1981) . The fact that both normal cycling females and hormone-treated females exhibit mounting activity indicates that neural pathways associated with mounting are bisexually inherent in cattle and are not dimorphic in response to organizational actions of gonadal steroids. Because it is assumed that development of neural circuits for estrous behavior (i.e., receptivity) also are independent of prenatal exposure to steroid hormones, then it can be implied that sexual differentiation of behavior in bulls is more a process of defeminization than one of masculinization. The possibility that mounting beha-vior may be activated more readily in males than in females (i.e., increased sensitivity) in response to testosterone requires more detailed investigation.
Sheep
In sheep, differentiation of the primordial gonad into a testis is initiated around d 30 of gestation (Short, 1974) , and increased testosterone synthesis by fetal testes occurs from d 35 with a peak around d 70 (Attal, 1969; Pomerantz and Nalbandov, 1975) . A sharp decline in circulating testosterone concentrations occurs between d 70 and 90, after which concentrations tend to stabilize until a further rise late in gestation (Pomerantz and Nalbandov, 1975) . Concentrations of androstenedione in ovine fetal testes are comparable to those of testosterone from d 30 to about d 65, but after this time testosterone predominates, particularly around d 70 (Attal, 1969) .
Masculinization of internal and external genitalia in sheep occurs early in the prenatal period of elevated testosterone (d 35 to 45 of gestation), whereas defeminization of the brain occurs later (between d 50 and 80) (D'Occhio and Ford, 1988) . A decline in steroidogenic activity of the ovine fetal ovary between d 45 to 80 of gestation (Pomerantz and Nalbandov, 1975; Mauleon et al., 1977) may ensure that brains in females are not exposed to differentiating levels of gonadal steroids during this sensitive phase. As with cattle, information on circulating estrogen concentrations in sheep fetuses is limited. Carnegie and Robertson (1978) noted that estrogen sulfate concentrations were elevated in amniotic fluid from d 40 to 80 of gestation. Fetal ewes exposed to exogenous testosterone between d 50 and 80 of gestation generally fail to show sexual receptivity and display increased mounting and aggressive activity as adults whether they are intact without exogenous hormone treatment (Clarke, 1977) or after ovariectomy and treatment with estradiol or testosterone (Clarke and Scaramuzzi, 1978) . Because some androgenized ewes show both sexual receptivity and mounting activity, central neural mechanisms associated with male and female behaviors need not be mutually exclusive (Clarke, 1977) . It would seem that under normal circumstances defeminization is complete in rams because, to our knowledge, it has not been possible to induce sexual receptivity in entire or castrated rams with gonadal steroid therapies.
A posmatal phase of sexual differentiation (or sexual consolidation) that is sensitive to gonadal steroids has been proposed in rams between 4 and 8 wk of age. Ram lambs supplemented with testosterone implants during wk 6, 7 and 8 showed increased mating activity at 2 yr of age. Similar treatments during wk 3, 4 and 5 or wk 9, 10 and 11 did not increase sexual behavior after puberty (Matmer et al., 1976) . Presumably, supplementing endogenous testosterone secretion in ram lambs between 4 and 8 wk influences, in a positive manner, central neural mechanisms, which later in life are associated with mating behaviors. Ram lambs passively immunized against testosterone between 4 and 8 wk of age showed reduced libido at 18 mo, providing further evidence of a role for testosterone in postnatal sexual development in rams (Mattner et al., 1979) . Some reduction in libido also was observed after early immunization against estradiol and estrone, suggesting a role for estrogens during the postnatal sensitive phase (Mattner et al., 1979) . In this regard, both estradiol and estrone induce masculine sexual behavior in postpubertally castrated rams (D'Occhio and Brooks, 1980) . Increases in LH (Foster et al., 1978; D'Occhio et al., 1986) and testosterone (Foster et al., 1978) concentrations in ram lambs during the first 8 wk of life may be related temporarily to this postnatal sensitive phase.
The prenatal phase of sexual differentiation of the brain in sheep, however, must be considered more critical than the postnatal phase of sexual maturation, because rams castrated neonatally show the complete repertoire of masculine sexual behaviors when treated with gonadal steroids after puberty. Both androgens (D'Occhio and Brooks, 1982) and estrogens (D'Occhio and Brooks, 1980) induce mating responses under these circumstances. Normal adult ewes, either intact or ovariectomized, respond to chronic androgen and estrogen therapy by initially showing intense estrus and then developing strong male sexual behavior, including the ejaculatory reflex (Signoret, 1975; D'Occhio and Ford, 1988) . These later observations indicate that central neural pathways associated with masculine behaviors are present in adult ewes. The brain in ewes therefore can be regarded as bipotential, having the inherent capacity to precipitate sexual receptivity in response to cyclic hormone patterns, and to show male behaviors in response to continuous exposure to gonadal steroids. But, ewes exposed to testosterone in utero exhibit greater courtship behavior and mounting activity after estrogen or testosterone treatment during adulthood than do control ewes (Clarke and Scaramuzzi, 1978; Clarke, 1978 Clarke, /1979 . In male sheep, on the other hand, only male-typical behavior has been observed. We conclude that sexual differentiation of the brain of rams involves both defeminization and masculinization. Presently, observations of a postnatal phase of behavioral maturation in rams (Mattner et al., 1976 (Mattner et al., , 1979 indicate that at least two sensitive periods during development are associated with masculinization. Further studies are required to substantiate this conclusion.
Swine
In embryonic pigs, gonadal differentiation is evident by d 26 (Pelliniemi, 1976; Pelliniemi et al., 1979) and testosterone concentrations are elevated in males from d 35 to 40 of gestation (Ford et al., 1980) . Differentiation of external and internal genitalia occurs from d 30 to 45 (Patten, 1948; Marrable, 1971) . For the remainder of gestation, serum testosterone concentrations in boars are reduced compared with the peak of secretory activity at d 35 to 40 and are significandy greater than those observed in gilts. Amniotic fluid estrogen concentrations are at a nadir from d 40 to 50 of gestation and increase after d 60, as do estrogen concentrations in fetal serum (Ford and Christenson, 1986) . During the first 3 wk after birth, serum testosterone and estrogen concentrations are elevated in boars (Ford, 1983a) coincident with an insensitivity of LH secretion to negative feedback regulation by testicular steroids (Colenbrander et al., 1977; Ford and Schanbacher, 1977; Elsaesser et al., 1978) . After this period of elevated steroid secretion, boars show more prepubertal mounting activity and greater social interactions than do gilts or boars castrated at birth (Berry and Signoret, 1984; Dobao et al., 1985) . Observations to date have failed to implicate the prenatal or the early postnatal rises in testicular steroidogenesis with differentiation of postpubertal sexual behavior.
The pubertal rise in testicular steroid secretion begins by 3 mo of age and continues through 6 mo. This postnatal period is D'OCCHIO associated with defeminization of sexual behavior in boars. Boars that are castrated before 2 mo of age and treated postpubertally with estrogen show sexual receptivity and proceptivity that is qualitatively and quantitatively comparable to these behaviors in similarly treated ovariectomized gilts (Ford, 1982 (Ford, , 1983b Berry and Signoret, 1984) . Additional support for a greater impact of postnatal steroids on defemiBization of sexual behavior in boars are the observations that gilts exposed to testosterone from d 29 to 35 or d 39 to 45 of gestation have regular estrous cycles after puberty (Ford and Christenson, 1987) . This timing for defeminization of sexual behavior in boars is later than predicted on the basis of length of gestation and neurological maturation at birth (Goy and McEwen, 1980) . Thus, the nervous system is more pliable during postnatal development than originally thought.
Evidence for masculinization of sexual behavior is weak in swine, as is the situation with bulls. Both gilts and neonatally castrated boars that are given prolonged treatment with testosterone show mounting and courtship behaviors similar to those observed in boars (Scheffrahn et al., 1981; Ford and Levis, unpublished data) . Thus, we can activate masculine sexual behavior in gilts, but we do not know whether boars are more sensitive to the activational effects of testosterone than gilts.
Conclusions
Studies with farm mammals are not so numerous as those with rodents; however, results to date have identified important species differences in the timing of specific events in the processes of sexual differentiafion in cattle, sheep and swine (Table 1) . Further studies are required to separate differences between conspecific males and females that are the consequence of differentiation as opposed to activational differences associated with qualitative and quantitative differences in endogenous gonadal secretions. For example, it is difficult to explain differences that are observed when steers axe compared with intact heifers due to the presence of ovarian steroids in heifers. With regard to masculinization of sexual behavior in these three domestic species, there is nearly a total absence of data on sensitivity of each sex to the activational effects of gonadal steroids. In cattle, sheep and , 1984b; Berardinelli and Adair, 1987; Hamernik ct al. 1987 . eSbort, 1974 Clark and Scaramuzzi, 1978 . fFord, 1982 , Ford and Christenson, 1987 . gShort, 1974 Karsch and Foster, 1975; Clark and Scaramuzzi, 1978. hElsaesser and Parvizi, 1979; Ford and Christenson, 1987. swine, mounting behavior can be induced in females by prolonged treatment with testosterone. Little, however, is known about minimum hormone dosage or duration of treatment required; thus, it is not possible at this time to conclude whether males are most responsive than females or whether both sexes respond similarly. In addition, more detailed studies of fetal estrogen concentrations and the role of placental estrogens in sexual differentiation are needed to establish whether the model developed from studies with rodents is applicable to farm mammals. Additional investigations with farm animals will aid in our understanding of sexual behaviors and in our ability to optimize the expression of these behaviors.
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